Influence of sulfide on the onset of chloride-induced corrosion of steel reinforcement in alkali-activated slags by Criado, M et al.
This is a repository copy of Influence of sulfide on the onset of chloride-induced corrosion 
of steel reinforcement in alkali-activated slags.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/135538/
Version: Accepted Version
Proceedings Paper:
Criado, M, Mundra, S, Bernal, SA et al. (1 more author) (2018) Influence of sulfide on the 
onset of chloride-induced corrosion of steel reinforcement in alkali-activated slags. In: 
Basheer, PAM, (ed.) Durability of Concrete Structures. ICDCS2018: 6th International 
Conference on Durability of Concrete Structures, 18-20 Jul 2018, Leeds, UK. Whittles 
Publishing , pp. 149-153. ISBN 978-184995-394-8 
This article is protected by copyright. This is an author produced version of a paper 
published in Durability of Concrete Structures. Uploaded with permission from the 
publisher.
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
 
 
Sixth International Conference on the Durability of Concrete Structures    Paper Number 1241 
18-20 July 2018 
University of Leeds, Leeds, West Yorkshire, LS2 9JT, United Kingdom 
 
,QIOXHQFHRI6XOILGHRQWKH2QVHWRI&KORULGH,QGXFHG
&RUURVLRQRI6WHHO5HLQIRUFHPHQWLQ$ONDOL$FWLYDWHG6ODJV 
 
0&ULDGR60XQGUD6$%HUQDO-/3URYLV 
'HSDUWPHQWRI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ7KH8QLYHUVLW\RI6KHIILHOG6LU5REHUW+DGILHOG%XLOGLQJ
6KHIILHOG6-'8QLWHG.LQJGRP 
 
 
$%675$&7 
 
,QDONDOLDFWLYDWHGVODJV$$6ZKHUHJURXQGJUDQXODWHGEODVWIXUQDFHVODJLVXVHGDVWKHPDLQSUHFXUVRUWKH
SUHVHQFHRIUHGXFHGVXOIXUVSHFLHV\LHOGVDKLJKO\UHGXFLQJSRUHVROXWLRQHQYLURQPHQW7KLVVWXG\LQYHVWLJDWHV
WKHLQIOXHQFHRIVXOILGHRQVWHHOSDVVLYDWLRQLQDONDOLDFWLYDWHGVODJPRUWDUVLPPHUVHGLQDONDOLQH01D2+
DQGDONDOLQHFKORULGHULFK01D2+ZLWK01D&OVROXWLRQVDQGWKHGHSHQGHQF\RIFKORULGHLQGXFHGSLWWLQJ
RQ WKH LPPHUVLRQ WLPH DQG WKH FRQFHQWUDWLRQ RI VXOILGH LQ VLPXODWHG DONDOLDFWLYDWHG VODJ SRUH VROXWLRQV
FRQWDLQLQJ02+DQG00DQG0+6E\PHDQVRIHOHFWURFKHPLFDOWHFKQLTXHV6XUIDFH
VHQVLWLYH ;UD\ SKRWRHOHFWURQ VSHFWURVFRSLF ;36 DQG 5DPDQ VSHFWURVFRSLF DQDO\VLV RI WKH FRUURVLRQ
SURGXFWVIRUPHGRQWKHVWHHOVXUIDFHVERWKLQDONDOLDFWLYDWHGVODJPRUWDUVDQGLQVLPXODWHGSRUHVROXWLRQV
VKRZVWKDWVXOILGHKDVDYHU\LPSRUWDQWLQIOXHQFHLQDOWHULQJ±EXWQRWQHFHVVDULO\LQDGHOHWHULRXVZD\±WKH
FKDUDFWHULVWLFVRIWKHVWHHOVXUIDFHXQGHUWKHVHFRQGLWLRQV 
 
.H\ZRUGVDONDOLDFWLYDWHGVODJVVLPXODWHGSRUHVROXWLRQFRUURVLRQFKORULGHVXOILGH;36 
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7KH LQFUHDVLQJ GHPDQG IRU VXVWDLQDEOH FRQFUHWHV
DQG IRU FRQFUHWHV ZLWK VSHFLDOLVHG SHUIRUPDQFH
FKDUDFWHULVWLFVKDVSURPRWHG WKHGHYHORSPHQWRID
FODVV RI DOWHUQDWLYH ELQGHUV FDOOHG DONDOLDFWLYDWHG
VODJV$$63URYLVHWDO7RIRUPWKLVW\SHRI
ELQGHUJURXQGJUDQXODWHGEODVWIXUQDFHVODJVRXUFHG
IURP WKH LURQPDNLQJ LQGXVWU\ LV UHDFWHG ZLWK DQ
DONDOLQH VROXWLRQ WR IRUP D KDUGHQHG SURGXFW 7KHLU
PDQXIDFWXUH FDQ DFKLHYH VLJQLILFDQW UHGXFWLRQV LQ
JUHHQKRXVHHPLVVLRQVDQGDOVREULQJVSHUIRUPDQFH
DGYDQWDJHV LQ VRPH DSSOLFDWLRQV FRPSDUHG WR
3RUWODQGFHPHQW3&*DUWQHUDQG0DFSKHH 
 
&RUURVLRQ RI UHLQIRUFLQJ VWHHO LV RQH RI WKH PDLQ
FDXVHV IRU WKH IDLOXUH RI UHLQIRUFHG FRQFUHWH
VWUXFWXUHV 6WHHO UHEDUV HPEHGGHG LQ 3&EDVHG
FRQFUHWHVDUHSURWHFWHGIURPFRUURVLRQE\DWKLQR[LGH
ILOPWKDWLVIRUPHGDQGPDLQWDLQHGRQUHEDUVXUIDFHV
GXHWRWKHKLJKS+OHYHORIWKHVXUURXQGLQJFRQFUHWH
XQOHVV WKH ILOP LV GDPDJHG E\ WKH SUHVHQFH RI
FKORULGH LRQV $QJVW HW DO  7KH UHDFWLRQ
SURGXFWV WKH SRUH QHWZRUN PLFURVWUXFWXUH DQG WKH
SRUH VROXWLRQ FRPSRVLWLRQ LQ$$6 YDU\ VLJQLILFDQWO\
IURPWKRVHHQFRXQWHUHGLQ3&EDVHGFHPHQWV/OR\G
HWDO7KHUHIRUHGLIIHUHQFHVLQPHFKDQLVPVRI
VWHHO UHLQIRUFHPHQWFRUURVLRQFRXOGEHH[SHFWHG IRU
ERWKV\VWHPV 
 
$PRQJWKHPLQRUHOHPHQWVSUHVHQWLQVODJVWKDWKDYH
EHHQXVHGWRSURGXFHDONDOLDFWLYDWHGFHPHQWVVXOIXU
PXVW EH YLHZHG FDUHIXOO\ UHJDUGLQJ HOHFWURFKHPLFDO
LQWHUDFWLRQVDV LW LV D UHGR[VHQVLWLYHHOHPHQW7KH
PDLQR[LGDWLRQVWDWHRIVXOIXULQEODVWIXUQDFHVODJLV
VXOILGHR[LGDWLRQVWDWHZKLFKLVUHOHDVHGLQWRWKH
DONDOLQHDTXHRXVVROXWLRQDVWKHVODJGLVVROYHVGXULQJ
DONDOLDFWLYDWLRQ *UXVNRYQMDN HW DO  7KH
SUHVHQFHRIVXOILGHLQDQHOHFWURO\WHVROXWLRQDOWHUVWKH
QDWXUHRI WKHSDVVLYH ILOP IRUPHGRQDFDUERQVWHHO
VXUIDFHLQFRQWDFWZLWKWKHVROXWLRQZKLFKLVH[SHFWHG
WRGLUHFWO\LPSDFWWKHPHFKDQLVPRIFKORULGHLQGXFHG
FRUURVLRQ 
 
7KHDLPRIWKLVVWXG\LVWRLQYHVWLJDWHWKHLQIOXHQFHRI
VXOILGH RQ VWHHO SDVVLYDWLRQ LQ DONDOLDFWLYDWHG VODJ
PRUWDUV LPPHUVHG LQ DONDOLQH DQG DONDOLQH FKORULGH
ULFK VROXWLRQV DQG WKH GHSHQGHQF\ RI FKORULGH
LQGXFHG SLWWLQJ RQ WKH LPPHUVLRQ WLPH DQG WKH
FRQFHQWUDWLRQRIVXOILGH LQ VLPXODWHGDONDOLDFWLYDWHG
VODJ SRUH VROXWLRQV 7KLV LV LQYHVWLJDWHG E\
HOHFWURFKHPLFDOWHFKQLTXHVDQG;UD\SKRWRHOHFWURQ
VSHFWURVFRS\ ;36 DQG 5DPDQ VSHFWURVFRS\ DUH
XVHG WR FKDUDFWHULVH WKHFRUURVLRQSURGXFWV IRUPHG
RQ WKH VWHHO VXUIDFHV ERWK LQ VODJ PRUWDUV DQG LQ
VLPXODWHGSRUHVROXWLRQV 
 
 
 
 
 
 
 
 
 
(;3(5,0(17$/0(7+2'2/2*< 
 
0DWHULDOVDQG(QYLURQPHQWV 
 
0LOGVWHHOIODWEDUVPP[PPZHUHREWDLQHG
IURP D ORFDO VXSSOLHU LQ 6KHIILHOG 8. DQG VPDOO
SHOOHWVGLDPHWHUPPDQGWKLFNQHVVPP
ZHUHDOVRFXWIURPWKHVHUHEDUVIRUVRPHWHVWV7KH
FKHPLFDO FRPSRVLWLRQ RI WKH VWHHO  E\ ZHLJKW LV
&6L0Q36&U
1L&X0RDQGEDODQFH)H,QVRPHWHVWV
IODW FRXSRQVRIPLOG VWHHO ZHUHXVHG LQVWHDGRI WKH
EDUV3ULRUWRHOHFWURFKHPLFDOWHVWLQJWKHDVUHFHLYHG
VWHHO ZDVHPEHGGHG LQPRUWDUV ZLWKHQGVPDVNHG
ZLWKDQHSR[\UHVLQWROHDYHDQH[SRVHGVXUIDFHDUHD
RIFPZKLOHWKHSHOOHWVXUIDFHVZHUHSROLVKHGXVLQJ
6L& DEUDVLYH SDSHU ZLWK  WR  JULW VL]HV DQG
GHJUHDVHG XVLQJ DFHWRQH OHDYLQJ DQ H[SRVHG
VXUIDFH DUHD RI  FP IRU WKH VLPXODWHG SRUH
VROXWLRQWHVWV 
 
$FRPPHUFLDOSRZGHUHGEODVW IXUQDFHVODJVXSSOLHG
E\ (&2&(0 )UDQFH ZDV XVHG WR SURGXFH WKH
PRUWDU EORFNV ZLWK FKHPLFDO FRPSRVLWLRQ  E\
ZHLJKW&D26L2$O20J2
62)H27L20Q2.2DQG
ORVV RQ LJQLWLRQ DW & 7KH DFWLYDWRU XVHG IRU
SUHSDUDWLRQRIDONDOLDFWLYDWHGVODJPRUWDUVSHFLPHQV
ZDV SUHSDUHG E\ PL[LQJ FRPPHUFLDO VRGLXP
PHWDVLOLFDWH SRZGHU 6LJPD$OGULFK 1D6L2 LQWR
GLVWLOOHGZDWHUXQWLOFRPSOHWHGLVVROXWLRQZDVUHDFKHG
%ODVWIXUQDFHVODJZDVDFWLYDWHGZLWKZWVRGLXP
PHWDVLOLFDWHDWDQDFWLYDWRUWRWRWDOELQGHUDQK\GURXV
VODJDQK\GURXVVRGLXPPHWDVLOLFDWHUDWLRRI 
 
3ULVPDWLF PRUWDU VSHFLPHQV ZHUH SUHSDUHG ZLWK
GLPHQVLRQVRI[[PPHDFKFRQWDLQLQJWZRIODW
PLOG VWHHO EDUV $IWHU  K WKH PRUWDUV ZHUH
GHPRXOGHG VHDOHG ZLWK FOLQJ ILOP DQG VWRUHG DW
&IRUGD\VDQGWKHQLPPHUVHGWRWDOO\LQ0
1D2+VROXWLRQRULQ01D2+01D&OVROXWLRQ
IRUGD\V'XSOLFDWHPRUWDUVSHFLPHQVZHUHPDGH
IRUHDFKPRUWDUVWHHOV\VWHPJLYLQJIRXUWHVWEDUVIRU
HDFKFRQGLWLRQ 
 
7KHVLPXODWHGSRUHVROXWLRQVFRQWDLQ01D2+
DQG00DQG0+61D6Â+26LJPD
$OGULFK7KH VWHHO VSHFLPHQV ZHUH H[SRVHG WR WKH
VLPXODWHGSRUHVROXWLRQVIRUDPD[LPXPGXUDWLRQRI
GD\V 
 
(OHFWURFKHPLFDO7HVWLQJ 
 
)RUPRUWDUVFRUURVLRQSRWHQWLDO(FRUUPHDVXUHPHQWV
ZHUH UHFRUGHG SHULRGLFDOO\ XS WR  GD\V DQG
SRODUL]DWLRQFXUYHVZHUHPHDVXUHGDIWHUGD\VRI
LPPHUVLRQ LQ HDFK HQYLURQPHQW 'XULQJ WKH
PHDVXUHPHQWVDQH[WHUQDOVWDLQOHVVVWHHOF\OLQGHURI
FPGLDPHWHUFDUU\LQJDFHQWUDOO\GULOOHGKROHDQGDQ
$J$J&O ILOOHGZLWK0.&OSRVLWLRQHG LQ WKHKROH
ZHUH XVHG DV FRXQWHU DQG UHIHUHQFH HOHFWURGHV
UHVSHFWLYHO\ $ ZHW SDG ZDV LQWHUSRVHG EHWZHHQ
WKHVHHOHFWURGHVDQGWKHPRUWDUVXUIDFHWRPDNHWKH
HOHFWURFKHPLFDOPHDVXUHPHQWVSRVVLEOH$3ULQFHWRQ
$SSOLHG5HVHDUFK9HUVD67$7)ZDVXWLOLVHGIRUWKH
HOHFWURFKHPLFDO PHDVXUHPHQWV 2KPLF GURS
FRPSHQVDWHG DQRGLF SRODULVDWLRQ FXUYHV ZHUH
UHFRUGHGDWDVFDQUDWHRIP9V 
 
,QVLPXODWHGSRUHVROXWLRQVWKHPHDVXUHPHQWVZHUH
FRQGXFWHG XVLQJ D FRQYHQWLRQDO WKUHH HOHFWURGH
VHWXSDVWDLQOHVVVWHHOFRXQWHUHOHFWURGHDQ$J$J&O
ILOOHGZLWK0.&OUHIHUHQFHHOHFWURGHDQGWKHVWHHO
VXUIDFH DFWLQJ DV WKH ZRUNLQJ HOHFWURGH 7KH
UHIHUHQFHHOHFWURGHZDVSRVLWLRQHGQHDUWKHVXUIDFH
RIWKHZRUNLQJHOHFWURGHXVLQJD/XJJLQFDSLOODU\$OO
PHDVXUHPHQWVZHUHFRQGXFWHGDWURRPWHPSHUDWXUH
&RQDWOHDVWWZRUHSOLFDWHVDPSOHVLQD
P/ FRUURVLRQ FHOO XVLQJ D 3*67$7 
SRWHQWLRVWDWJDOYDQRVWDW0HWURKP$XWRODE%9(FRUU
ZDV UHFRUGHG IRU  PLQV DW WKH EHJLQQLQJ RI WKH
H[SHULPHQWXQOHVVWKHFKDQJHLQSRWHQWLDOZLWKWLPH
G9GWUHDFKHG9VEHIRUHPLQV 
 
7KHFKORULGHWKUHVKROGZDVGHWHUPLQHGXVLQJDQRGLF
SRODULVDWLRQFRQGXFWHGZLWKVFDQUDWHRIP9V
DQG VWHS SRWHQWLDO  P9$EUXSW VSLNHV LQ WKH
FXUUHQW GHQVLW\ GXULQJ WKH DQRGLF VZHHS ZHUH
FRQVLGHUHGWREHUHSUHVHQWDWLYHRISLWWLQJ 
 
&RUURVLRQ3URGXFW$QDO\VLV 
 
6XUIDFHVHQVLWLYH;UD\3KRWRHOHFWURQ6SHFWURVFRS\
;36 
7KHDQDO\VHVZHUHFDUULHGRXWXVLQJD.UDWRV8OWUD
LQVWUXPHQWZLWKDPRQRFKURPDWHGDOXPLQLXPVRXUFH
DQG WKUHH DQDO\VLV SRLQWV SHU VDPSOH 7KH VXUYH\
VFDQVZHUHFROOHFWHGEHWZHHQWRH9ELQGLQJ
HQHUJ\DWH9SDVVHQHUJ\H9 LQWHUYDOVDQG
 VVZHHS ZLWK WZR VZHHSV EHLQJ FROOHFWHG 7KH
GDWD FDQ WKHQ EH TXDQWLILHG XVLQJ WKHRUHWLFDO
6FKRILHOGUHODWLYHVHQVLWLYLW\IDFWRUV 
 
5DPDQ6SHFWURVFRS\ 
5DPDQPHDVXUHPHQWVZHUHWDNHQXVLQJD5HQLVKDZ
,Q9LD5DPDQ0LFURVFRSHHTXLSSHGZLWKDQP
ODVHU D /HLFD PLFURVFRSH DQG [ PDJQLILFDWLRQ
REMHFWLYH OHQVHV 7KH ODVHU SRZHU ZDV  P: WKH
LQWHJUDWLRQWLPHZDVVDQGDFFXPXODWLRQVZHUH
XVHG7KH5DPDQVKLIWZDVFDOLEUDWHG WR WKHVLOLFRQ
SHDNDWFP 
 
 
5(68/76$1'',6&866,21 
 
,QIOXHQFHRI6XOILGHRQ6WHHO3DVVLYDWLRQLQ$ONDOL
$FWLYDWHG6ODJ0RUWDUV 
 
)LJXUHVKRZV(FRUUYDOXHVIRUWKHVWHHOVHPEHGGHG
LQDONDOLDFWLYDWHGVODJPRUWDUV LPPHUVHGLQDONDOLQH
DQG DONDOLQH ULFKFKORULGH VROXWLRQV ,QLWLDOO\ LQ ERWK
VROXWLRQV (FRUU ZDV  9 YV $J$J&O WKLV
SRWHQWLDO YDOXH GHFUHDVHG GUDVWLFDOO\ E\ LQFUHDVLQJ
WKH LPPHUVLRQ WLPH $IWHU  GD\V (FRUU ZDV PRUH
 
 
QHJDWLYHWKDQ9YV$J$J&ODQGWKHVHYDOXHV
EHFDPHPRUHQHJDWLYHZLWKWLPHUHDFKLQJYDOXHVRI
DQG9YV$J$J&OZKHQLPPHUVHGLQ
1D2+DQG1D2+1D&OVROXWLRQVUHVSHFWLYHO\DWWKH
HQGRIWKHWHVW 
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)LJ&RUURVLRQSRWHQWLDODVD IXQFWLRQRI WLPH IRU VWHHO
HPEHGGHGLQ$$6PRUWDUVLPPHUVHGLQ1D2+DQG1D2+
1D&OVROXWLRQV 
 
7KHVODJFRQWDLQVVXOILGHZKLFKLVUHOHDVHGGXULQJLWV
GLVVROXWLRQ ZKHQ FRQWDFWLQJ WKH DONDOLQH DFWLYDWRU
7KH GLVVROYHG VXOILGH LQGXFHV D UHGXFLQJ LQWHUQDO
HQYLURQPHQW LQ WKH$$6PRUWDUVDQGD GHFUHDVH LQ
WKH DPRXQW RI GLVVROYHG R[\JHQ ZLWKLQ WKH SRUH
VROXWLRQGULYLQJWKHUHGR[SRWHQWLDORIWKHHPEHGGHG
VWHHO UHLQIRUFHPHQW WRZDUGV PRUH QHJDWLYH YDOXHV
&ULDGRHWDO*ODVVHU)LJ,QWKHFDVH
RIVWHHOHPEHGGHG LQVODJPRUWDUV LPPHUVHG LQ WKH
1D2+1D&O VROXWLRQ WKH GHFUHDVH RI WKH SRWHQWLDO
ZRXOGFODVVLFDOO\EH LQWHUSUHWHGDVEHLQJGXH WRWKH
EUHDNGRZQRIWKHSDVVLYHILOPLQGXFHGE\WKHFKORULGH
LRQV+RZHYHU WKH IDFW WKDW WKLV LVVRVLPLODU WR WKH
UHVXOWVREWDLQHGLQWKHDEVHQFHRIFKORULGHLQGLFDWHV
WKDWLWLVPRUHOLNHO\WREHGXHWRWKHKLJKO\UHGXFLQJ
FRQGLWLRQVDWWKHVWHHOFRQFUHWHLQWHUIDFHLPSRVHGE\
WKHSUHVHQFHRIVXOILGHLRQV 
 
)LJXUHVKRZVDQRGLFSRODULVDWLRQFXUYHV UHFRUGHG
RQ WKH IODW VWHHO EDUV HPEHGGHG LQ VODJ PRUWDUV
H[SRVHGWRWKHVHVDPHWZRLPPHUVLRQHQYLURQPHQWV
IRUGD\V 
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 )LJ  $QRGLF SRODULVDWLRQ FXUYHV UHFRUGHG IRU VWHHO
HPEHGGHGLQ$$6PRUWDUVLPPHUVHGLQ1D2+DQG1D2+
1D&OVROXWLRQV 
 
7KH DQRGLF SRODULVDWLRQ FXUYHV VKRZHG (FRUU YDOXHV
DURXQG  DQG  9 YV $J$J&O DQG
FRUURVLRQFXUUHQWGHQVLW\LFRUUYDOXHVRIDQG
$FPIRUWKHVWHHOLPPHUVHGLQ1D2+DQG1D2+
1D&OVROXWLRQVUHVSHFWLYHO\7KHYHU\QHJDWLYHYDOXHV
RI SRWHQWLDO LQGLFDWHG WKDW WKH VXOILGH IURP WKH VODJ
UHGXFHG WKH UHGR[ SRWHQWLDO DURXQG WKH VWHHO EDUV
ZKLOH WKH LFRUU YDOXHV LQGLFDWHGD ORZFRUURVLRQ OHYHO
$QGUDGH HW DO  ,Q 1D2+1D&O VROXWLRQ WKH
SRODULVDWLRQ FXUYH VKRZHG DQ DFWLYHSDVVLYH
WUDQVLWLRQSRWHQWLDOV LQ WKH UDQJH  WR 9
YV$J$J&OSUREDEO\DVFULEHGWKHWUDQVIRUPDWLRQRI
6 
 
7LPH DQG &RQFHQWUDWLRQ'HSHQGHQW &KORULGH
,QGXFHG3LWWLQJLQ6LPXODWHG$$63RUH6ROXWLRQV 
 
,QWKHFDVHRIVLPXODWHGSRUHVROXWLRQVUHSUHVHQWDWLYH
RI$$602+0+6WKH(FRUUZDVIRXQG
WREHLQIOXHQFHGE\WLPHDQGYDULHGEHWZHHQ9
DQG9DVVHHQLQ)LJXUH)LJXUHVKRZV
WKHLQIOXHQFHRIWKHGLVVROYHGVXOILGHRQWKH(FRUU$Q
LQFUHDVH LQ WKH VXOILGH FRQWHQW LQ WKH DTXHRXV
HOHFWURO\WH UHVXOWHG LQ DQ LQFUHDVH LQ WKH UHGXFLQJ
QDWXUH RI WKH PHWDOHOHFWURO\WH LQWHUIDFH 7KH (FRUU
YDOXHV REVHUYHG LQ VLPXODWHG SRUH VROXWLRQV DUH LQ
JRRG DJUHHPHQW ZLWK WKRVH GHWHUPLQHG IRU $$6
PRUWDUV)LJXUH 
 
 
 )LJ(FRUUYDOXHVUHFRUGHGIRUVWHHOLPPHUVHGLQDONDOLQH
VROXWLRQV02+ZLWKYDU\LQJFRQFHQWUDWLRQVRI+6
DQG0 
 
7KH KLJKO\ QHJDWLYH (FRUU YDOXHV REVHUYHG IRU VWHHO
H[SRVHGWRVROXWLRQVFRQWDLQLQJ0DQG0
+6DUHRQFHDJDLQDWWULEXWHGWRWKHUHGXFLQJQDWXUH
RIWKHVXOILGHDQGWKHGHSOHWLRQRIR[\JHQ0XQGUDHW
DO  &RQVHTXHQWLDOO\ SDVVLYDWLRQ RI WKH VWHHO
UHLQIRUFHPHQWE\DQLURQR[LGHILOPLVKLQGHUHGDQG
LQVWHDGDVXUIDFHOD\HUFRPSRVHGRI)H2+DQG)H
VXOILGHFRPSRXQGVLVIRUPHG0XQGUDHWDO 
 
7DEOH  VKRZV WKH YDULDWLRQ LQ FKORULGH FRQWHQW
UHSUHVHQWHGDVWKUHVKROG&O2+PRODUUDWLRUHTXLUHG
WR LQGXFHVWHHOFRUURVLRQ LQGLIIHUHQWVLPXODWHGSRUH
VROXWLRQVDVDIXQFWLRQRIWKHOHQJWKRIWLPHIRUZKLFK
NaOH 
NaOH-NaCl 
N OH 
NaOH-NaCl 
 
 
WKHVWHHOZDVH[SRVHG WR WKHDTXHRXVHQYLURQPHQW
EHIRUHDGGLWLRQRIWKHFKORULGH,WFDQEHFOHDUO\VHHQ
WKDW WKHFRQFHQWUDWLRQRIVXOILGH LQWKHSRUHVROXWLRQ
DQG WKH WLPH RI H[SRVXUH SOD\ D FULWLFDO UROH LQ WKH
LQLWLDWLRQRIFKORULGHLQGXFHGSLWWLQJRQWKHVXUIDFHRI
VWHHOUHEDU,QWKHFDVHRIVLPXODWHGSRUHVROXWLRQRI
$$602+0+6ORFDOLVHGFRUURVLRQ
GXHWRFKORULGHZDVQRWREVHUYHGDWDOOXQGHUWKHVH
FRQGLWLRQV 
 
7DEOH  &KORULGH WKUHVKROG YDOXHV DV D IXQFWLRQ RI WKH
FRQFHQWUDWLRQRI+6LQWKHVLPXODWHGSRUHVROXWLRQDQGWKH
GXUDWLRQ RI H[SRVXUH RI WKH VWHHO WR WKH VROXWLRQ SULRU WR
FKORULGHDGGLWLRQ3DQG13VWDQGIRUSLWWLQJDQGQRSLWWLQJ
UHVSHFWLYHO\DQGWKHQXPEHUVLQWKHSDUHQWKHVHVGHSLFWWKH
FKORULGH WKUHVKROG YDOXH LQ WKH IRUP RI >&O@>2+@ 7KH
VROXWLRQ FRQWDLQLQJ  0 +6 LV GHVLJQDWHG DV
UHSUHVHQWLQJ$$6SRUHVROXWLRQ 
 
7HVWVROXWLRQ G G G G 
02+ 
0+6 
3 3 3 3 
02+ 
0+6 
3 3 13 13 
02+ 
0+6 
13 13 13 13 
 
 
&RUURVLRQ3URGXFW$QDO\VLV 
 
 
)LJ,PDJHRIVWHHOEDUH[WUDFWHGIURP$$6PRUWDUDIWHU
GD\VRILPPHUVLRQLQ1D2+1D&OVROXWLRQ 
 
)LJVKRZVDSKRWRJUDSKRIWKHVXUIDFHDVSHFWRID
IODW VWHHO EDU H[WUDFWHG IURP D VODJ PRUWDU WKDW KDG
EHHQLPPHUVHGLQ1D2+1D&OVROXWLRQIRUGD\V
7KHVWHHOVKRZHGDWKLQPRUWDUOD\HUDGKHULQJWLJKWO\
WR LWVVXUIDFH ZKLFKSUHYHQWHGHIIHFWLYHDQDO\VLVRI
WKH XQGHUO\LQJ VWHHO E\ ;36 DQG FRXOG QRW EH
UHPRYHGE\LRQVSXWWHULQJEXWQRHYLGHQFHRISLWVRU
DFRUURVLRQSURGXFWVOD\HU$VLPLODUDSSHDUDQFHZDV
REVHUYHGIRUWKHVWHHOH[WUDFWHGIURPWKHPRUWDUWKDW
KDG EHHQ LPPHUVHG LQ 1D2+ VROXWLRQ ZLWKRXW
FKORULGHQRWVKRZQ 
 
+RZHYHUD5DPDQVSHFWUXPRIWKHILOPZDVDEOHWR
EH FROOHFWHG )LJXUH  7KH 5DPDQ UHVXOWV IRU WKH
UHEDUVH[WUDFWHGIURPPRUWDUVWKDWKDGEHHQH[SRVHG
WRWKH1D2+DQG1D2+1D&OVROXWLRQVZHUHVLPLODU
DQG WKHRQO\RUGHUHGFRPSRXQG LGHQWLILHGE\VKDUS
5DPDQ SHDNV ZDV FDOFLWH &D&2 DOO RI WKH
REVHUYDEOHSHDNVFRXOGEHDOLJQHGZLWKWKHUHVXOWVIRU
WKLVSKDVHLQWKHOLWHUDWXUH:HKUPHLVWHUHWDO
&RUURVLRQ SURGXFWV ZHUH QRW IRXQG RQ WKH VWHHO
VXUIDFHV 
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 )LJ5DPDQVSHFWUXPRI WKH ILOPGHWHFWHGRQ WKHVWHHO
VXUIDFHVKRZQLQ)LJXUH 
 
 
+RZHYHUWKHFRPSRVLWLRQRIWKHSDVVLYHILOPRQVWHHO
LPPHUVHG LQ VLPXODWHG DONDOLDFWLYDWHG VODJ SRUH
VROXWLRQVZDVDEOH WREHGHWHUPLQHGXVLQJ;36DV
WKHUHZDVQRDGKHULQJPRUWDUOD\HU)LJXUHVKRZV
WKDW WKH H[LVWHQFH RI )H VSHFLHV ZDV PRUH
SURPLQHQW WKDQ WKH PRUH XVXDO )H LQ SDVVLYDWLQJ
R[LGHILOP7KHVWHHOVXUIDFHZDVULFKLQYDULRXV)H6
VSHFLHV ZKLFK DFFRUGLQJ WR WKH UHVXOWV LQ7DEOH
KDGHYLGHQWO\DOWHUHGWKHFULWLFDOFKORULGHOHYHO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJ)HS;36UHVXOWVIRUWKHSDVVLYHILOPIRUPHGRQVWHHO
DIWHU LPPHUVLRQ LQ VLPXODWHG DONDOLDFWLYDWHG VODJ SRUH
VROXWLRQ01D2+01D6 
 
 
&21&/86,216 
 
7KHSUHVHQFHRIVXOILGH LRQV LQDONDOLDFWLYDWHGVODJ
PRUWDUVSURGXFHGDUHGXFLQJHQYLURQPHQWOHDGLQJD
GHFUHDVH RI FRUURVLRQ SRWHQWLDO YDOXHV RI VWHHO
UHLQIRUFHPHQW +RZHYHU WKH FRUURVLRQ FXUUHQW
GHQVLW\ YDOXHV LQGLFDWHG D ORZ FRUURVLRQ OHYHO DQG
KLJK UHVLVWDQFH WR FRUURVLRQ SURFHVVHV LQ WKH
SUHVHQFH RI FKORULGH LRQV 6WXGLHV FRQGXFWHG LQ
VLPXODWHG SRUH VROXWLRQV FRPSOHPHQWHG WKH
DUJXPHQW WKDW D KLJKO\ UHGXFLQJ HQYLURQPHQW LV
 
 
SUHYDOHQW LQ $$6 GXH WR WKH KLJK FRQFHQWUDWLRQ RI
GLVVROYHG VXOIXU VSHFLHV LQ WKH UHGXFHG VWDWH
/RFDOLVHGFRUURVLRQGXHWRFKORULGHZDVQRWHYLGHQWLQ
VLPXODWHGSRUHVROXWLRQVUHSUHVHQWDWLYHRI$$67KH
FKORULGH WKUHVKROG YDOXHV UHTXLUHG WR LQGXFH VWHHO
FRUURVLRQ ZHUH GHSHQGHQW RQ WKH FRQFHQWUDWLRQ RI
VXOILGH DQG WKH GXUDWLRQ RI H[SRVXUH WR VXOILGHULFK
VROXWLRQSULRUWRDGGLWLRQRIFKORULGH 
 
7KHVWHHOUHLQIRUFHPHQWVH[SRVHGWRVLPXODWHGSRUH
VROXWLRQVZHUHREVHUYHGWRSRVVHVVDOD\HURI)H,,
6 FRPSOH[ 7KH VWHHO EDUV H[WUDFWHG IURP VODJ
PRUWDUVVKRZHGDVWURQJO\PRUWDUEXWQRFRUURVLRQ
SURGXFWV ZHUH GHWHFWHG HYHQ LQ WKH SUHVHQFH RI
FKORULGHLRQV 
 
 
$FNQRZOHGJHPHQWV 
 
7KH UHVHDUFK OHDGLQJ WR WKHVH UHVXOWV UHFHLYHG
IXQGLQJIURPWKH(XURSHDQ5HVHDUFK&RXQFLOXQGHU
WKH (XURSHDQ 8QLRQ
V 6HYHQWK )UDPHZRUN
3URJUDPPH)3(5&*UDQW$JUHHPHQW
7KHDXWKRUVZRXOGOLNHWRDFNQRZOHGJHWKH
LQSXWRI'U'HERUDK%+DPPRQG6KHIILHOG6XUIDFH
$QDO\VLV &HQWUH 7KH 8QLYHUVLW\ RI 6KHIILHOG LQ WKH
;36ZRUN7KLVUHVHDUFKZDVSHUIRUPHGLQSDUWDWWKH
0,'$6)DFLOLW\DW7KH8QLYHUVLW\RI6KHIILHOGZKLFK
ZDV HVWDEOLVKHG ZLWK VXSSRUW IURP WKH 8.
'HSDUWPHQWRI(QHUJ\DQG&OLPDWH&KDQJH 
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$QGUDGH&&DVWHOR9$ORQVR&*RQ]DOH]-$
7KHGHWHUPLQDWLRQRIWKHFRUURVLRQ
UDWHRIVWHHOHPEHGGHGLQFRQFUHWHE\WKH
SRODUL]DWLRQUHVLVWDQFHDQG$&LPSHGDQFH
PHWKRGVLQ9&KDNHUHWDO$670
673&RUURVLRQ(IIHFWRI6WUD\&XUUHQWV
DQGWKH7HFKQLTXHVIRU(YDOXDWLQJ&RUURVLRQ
RI5HEDUVLQ&RQFUHWH$670,QWHUQDWLRQDO
3KLODGHOSKLDSS 
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 
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 
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 
/OR\G553URYLV-/YDQ'HYHQWHU-6-
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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